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Renal sodium retention during volume expansion in experimen-
tal nephrotic syndrome. We have studied sodium retention during
volume expansion in rats with autologous immune complex ne-
phropathy (AICN), a model of nephrotic syndrome (NS) in
which GFR after volume expansion was not different from that in
adjuvant-injected controls (C). AICN rats developed heavy pro-
teinuria (298 27 vs. < 10 mg/day), hypoalbuminemia (2.14
0.15 vs. 3.08 0.12 g/100 ml) and hypercholesterolemia (181
22 vs. 58 4 mg/100 ml). After saline, there were no significant
differences in blood pressure (119 2 vs. 114 2mm Hg), renal
plasma flow (4.9 0.41 vs. 4.1 0.28 mllmin), inulin clearance
(1.37 0.06 vs. 1.55 0.10 mI/mm), or SNGFR (47 2 vs.
53 4 nI/mm). Sodium excretion, however, was significantly
lower in NS rats (4.7 1.1 vs. 9.2 1.2 Eq/min). Proximal
sodium reabsorption was decreased in NS rats (35 2 vs. 41
2%, 2.5 0.2 vs. 3.3 0.2 nEq/min). Sodium delivery into the
loop, however, was equal in NS and C, since the slightly lower
filtered load in NS rats offset the depression in proximal reab-
sorption. Sodium reabsorption by the loop and by the distal con-
voluted tubules were equal in NS and C. Thus, sodium delivered
into the cortical collecting ducts was the same in both groups
(0.33 0.17 vs. 0.34 0.07 nEq/min; 4.5 0.6% of filtered
sodium vs. 4.4 0.3%). The percent of filtered sodium excreted
in the urine, however, was significantly lower in the NS rats,
2.18 0.48% vs. 4.0 0.58%. We conclude that antinatriuresis
in this model of NS is determined beyond the superficial late
distal convoluted tubule. The inability to excrete the sodium load
during volume expansion is due to either enhanced reabsorption
by the collecting duct or to abnormal function in deep nephrons.
Retention rénale de sodium an cours de l'expansion extra-
cellulaire dans le syndrome néphrotique experimental. Nous
avons étudié Ia retention de sodium au cours de l'expansion chez
des rats atteints de néphro pathie des complexes immuns auto-
logues (AICN), un modèle de syndrome néphrotique (NS) dans
lequel Ic debit de filtration glomerulaire après expansion n'est
pas different de celui des contrôles (C) qui n'ont reçu que
l'adjuvant. Les rats AICN ont développé une protéinurie mas-
sive (298 27 vs. < 10 mg/jour), one hypoalbuminemie (2,14
0,15 vs. 3,08 0,12 g/lOO ml) et une hypercholestérolémie (181
22 vs. 58 4 mg/lOU ml). Après l'expansion il n'y a pas de
difference significative de pression artérielle (119 2 contre 114
2 mm Hg), de debit plasmatique renal (4,9 0,41 contre 4,1
0,28 mI/mm), de debit de filtration glomérulaire (1,37 0,6
contre 1,55 0,10 ml/min) ou de debit de filtration des néphrons
(47 2 contre 53 4 nllmin). L'excrétion du sodium, cepen-
dant, est significativement inférieure chez les rats NS (4,7 1,1
contre 9,2 1,2 jEq/min). La reabsorption proximale do so-
dium est diminuée chez les rats NS (35 2 contre 41 2%; 2,5
0,2 contre 3,3 0,2 nEq/min). Le debit de sodium a l'anse,
cependant, est egal chez NS et C du fait que Ia diminution de
charge filtrée chez NS about l'effet de Ia diminution de réabsorp-
tion proximale, La reabsorption de sodium par l'anse et par les
tubes contournés distaux est egale chez NS et C. Ainsi le debit
de sodium délivré aux canaux collecteurs est égal dans les deux
groupes (0,33 0,17 contre 0,34 0,07 nEq/min; 4,5 0,6% du
sodium filtré contre 4,4 0,3%). Malgré cela Ic pourcentage de
sodium filtré excrété dans l'urine est significativement plus faible
chez les rats NS: 2,18 0,48% contre 4,0 0,58%. Nous con-
cluons que l'anti-natriurése, dans ce modèle, survient au-delà de
Ia fin du tube contourné distal superficiel. L'incapacité
d'excréter one charge de sodium au cours de l'expansion est liée
soit a une augmentation de Ia reabsorption des canaux collec-
teurs soit a un fonctionnement anormal des néphrons profonds.
The nephrotic syndrome (NS) is usually associat-
ed with renal sodium retention. Neither the renal
site nor the mechanism of this antinatriuresis is
known. Since there is much evidence that sodium
reabsorption in the proximal tubule varies with pen-
tubular plasma oncotic pressure, one would predict
that the reabsorption of sodium in the proximal tu-
bule would be depressed due to hypoproteinemia in
the NS and that the site of enhanced reabsorption
would be in the distal nephron. Indeed, a clearance
study indirectly evaluating proximal sodium reab-
sorption in nephrotic patients by Grausz, Lieber-
man, and Earley Ill] concluded that proximal reab-
sorption was in fact decreased, but this has never
been confirmed by direct micropuncture studies.
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Various animal models of experimental glomerulo-
nephritis have been described [2—13], some associ-
ated with NS. The intrarenal site of sodium reten-
tion, however, was not defined either because so-
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dium excretion was not specifically examined [2, 7,
9, 101 or because interpretation was complicated by
severe reduction in giomerular filtration rate (GFR)
[2—8, 11, 121.
The most common renal lesion in adults with NS
is membranous nephropathy, in which renal func-
tion is usually normal at first [14, 151. The animal
model which has been studied most extensively is
nephrotoxic nephritis, which corresponds more
closely to acute proliferative or rapidly progressive
glomerulonephritis in man. In this disease, early
renal functional impairment is usual. In 1959, Hey-
mann et al [161 described a model of glomerulone-
phritis in the rat in which the NS developed while
normal renal function was maintained. The immu-
nologic features of this model, now referred to as
autologous immune complex nephritis (AICN),
have been studied extensively [17—201. The gb-
merular lesion in AICN is indistinguishable from
that in idiopathic membranous nephropathy in hu-
mans. This model seemed especially suitable to
study renal handling of sodium since it is morpho-
logically identical to a common cause of NS in man,
the characteristic features of NS are well-devel-
oped, and GFR is normal.
Methods
AICN was induced in groups of 50-g male Lewis
rats by the injection into each rear footpad of 2 mg
of the Fx1A fraction of proximal tubular antigen.
The antigen was emulsified in 0.05 ml of incomplete
Freund's adjuvant containing 4 mg of Myco-
bacterium tuberculosis H37RA (Difco Laborato-
ries, Detroit, Mich.). The Fx1A was prepared from
fresh Sprague-Dawley renal cortices by the method
described by Edgington, Glassock, and Dixon [17,
181. Age and weight-matched Lewis rats injected
with adjuvant alone were used as controls. The 24-
hr urine protein excretion was measured weekly by
a sulfosalicylic acid method with whole serum as
the standard. AICN rats were studied only if urine
protein excretion exceeded 100 mg/day. This oc-
curred at 9 to 15 weeks after Fx1A injection. Histo-
logic, immunofluorescent, and ultrastructural stud-
ies (methods described elsewhere [20]) were per-
formed on representative animals in both
experimental and control groups to document the
immunohistologic features of the model.
Clearance and mnicropuncture methods Fifteen
rats with AICN and eight controls were studied.
The rats were allowed free access to food and water
prior to study. Anesthesia was induced by the i.p.
injection of mactin®, 100 mg/kg of body wt, and
rats were prepared for micropuncture with standard
methods previously described [21]. At the start of
the experiment, blood samples were taken for the
measurement of hematocrit, albumin, and choles-
terol. All micropuncture and clearance studies were
done following volume expansion. Two infusions
were given: inulin-carboxyl labeled with carbon 14
(New England Nuclear, Boston, Mass.), 33 Ci/ml
at a rate of 0.03 mI/mm, and isotonic saline. The
volume of saline given was equal to 10% of the body
wt over the first hour thereafter, saline was infused
at half the previous rate. Thirty minutes later, the
clearance and micropuncture collections were
started. One hour after the start of the clearance
collections, the saline infusion rate was changed to
match urine flow. Urine samples were collected
from the left ureter and the bladder separately. Four
or five consecutive timed urine samples were col-
lected, each lasting 20 to 30 mm. Appropriately
timed blood samples were taken throughout the ex-
periment from the tail vein into heparinized capil-
lary tubes for the measurement of hematocrit and
inulin concentration. At the start and at the end of
the clearance collections, blood was taken from the
left renal vein so that the extraction of inulin and,
hence, renal plasma flow could be calculated.
The last proximal segments on the surface of the
kidney were punctured after identification either by
their proximity to the vascular 'star" or by follow-
ing the passage of a 0.05 cc injection of 5% lissa-
mine green. For the proximal collections, we used
siliconized glass micropipettes sharpened to an ex-
ternal diameter of 10 to 15 m and filled with light
mineral oil colored with Sudan black, Two to four
end-proximal collections were made during the ex-
periment. Tubular fluid, plasma, and urine were
handled and their radioactivity was measured using
standard methods described previously [21].
Distal tubules on the surface of the kidney were
identified by watching the appearance and dis-
appearance of lissamine green, and they were re-
garcied as "early distal" or "late distal" by the use
of the puncture site/early distal transit time ratio, as
described by Wright [22]. Siliconized micropipettes
sharpened to an external diameter of 4 to 7 m and
filled with Sudan black in oil were used for distal
micropuncture. Two to three samples' of fluid were
collected from both the early distal and the late dis-
In three experiments, only one sample of early or late distal
fluid was obtained.
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tal tubular sites during an experiment. Proximal and
distal collections were obtained in random order.
The technique was similar to that described for the
proximal punctures, although a longer collection
time (3 to 5 mm for early and 4 to 8 mm for late
distal) was needed to obtain an adequate volume for
analysis. The technique of distal micropuncture as
performed in our laboratory has recently been de-
scribed in detail 11231, Samples were analyzed for
'4C-inulin concentrations in the scintillation coun-
ter, and sodium concentration was measured with
a helium glow photometer (Aminco®, American
Instrument Co., Inc., Silver Spring, Md.). At the
end of the experiment, blood samples were taken
for the measurement of plasma albumin concentra-
tions.
Sodium and potassium concentrations in blood
and urine samples were measured with a flame pho-
tometer (Instrumentation Laboratories, Water-
town, Mass.). Serum albumin concentrations were
measured by a modification of the method of Bigot
and Saifer [24]; and total cholesterol concentra-
tions, by the method of Rudel and Morris 11251.
The data were analyzed by standard statistical
methods [261. Each value given is the mean SEM
of several measurements made in each animal. Val-
ues for each group were obtained and statistical
analysis was performed using the means for each
animal. These data are given in the text. Statistical
analysis was also performed by grouping all individ-
ual samples, rather than means of each rat; con-
clusions as to statistical significance were un-
changed. A P value of less than 0.05 is regarded as
significant.
Calculations. Calculations of renal plasma flow
and of delivery to and reabsorption of sodium at
each tubular site were done by conventional meth-
ods [23].
Results
In 15 AICN rats and 8 controls, samples were ob-
tained from each micropuncture site. Only data
from these rats were used for analysis. Clearance
data are given for the left kidney only, as there was
no significant difference between the two sides.
General. The rats with AICN appeared healthy.
The kidneys of AICN rats were often larger, paler,
and more granular than were those of normal rats.
Occasional white intratubular material was evident.
All AICN rats studied had heavy proteinuria, hy-
percholesterolemia, and hypoalbuminemia (Table
1). The sera of many were markedly lipemic. The
onset of proteinuria was usually noted within 6 to 7
weeks from injection, and studies were done after
the daily protein excretion exceeded 100 mg. The
protein excretion in the AICN rats ranged from 189
to 497 mg/day (mean, 298 27 mg). Some AICN
rats had ascites, noted at the time of micropuncture.
The weight of the AICN group was not increased,
suggesting the possibility of some decrease in non-
edematous body weight.
Proteinuric AICN rats had no significant gb-
merular or tubular histologic changes except for
slight thickening and a spike and dome appearance
of the glomerular basement membrane, demon-
strable only by silver methenamine stain [201. Tm-
munofluorescent studies revealed finely granular
deposits of rat immunoglobulin G (IgG) and com-
plement distributed uniformly on the basement
membranes of all glomeruli. There was no detect-
able difference in histologic or immunofluorescent
involvement between superficial and deep glome-
ruli, and no immunoglobulin deposits were seen on
tubular brush borders or tubular basement mem-
branes. Albumin reabsorption droplets were promi-
nent in proximal tubular epithelial cells. Electron
microscopy revealed subepithelial deposits charac-
teristic of membranous nephropathy [20]. Control
animals were normal by light, immunofluorescent,
and electron microscopy.
Hemodynamic and clearance data are shown in
Table 2. Blood pressure, hematocrit, GFR, and re-
nal plasma flow were not significantly different in
the two groups. The slightly higher renal plasma
Table 1. General and biochemical featuresa b
Observation AICN (15) Contro1(8)
Weight,g 343 12 361 13
Time from injection of antigen, weeks 13.0 0.3 12.0 0.7
Urinary proteinexcretion,mg124 hr 298 27 < 10°
Albumin,g/d/ 2.14± 0.15 3.08± 0.12°
Cholesterol, mgldl 181 22 58 4°
a Values are expressed as means SEM in this and other tables. The number of rats studied in each group is shown in parentheses.
Data was obtained before saline infusion.
P < 0.01.
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Table 2. Hemodynamic and clearance data
Observation AICN Control
Blood pressure, mm Hg 119 2 114 2
Hematocrit,% 50.0 0.8 52.0 1.4
Postsaline serum albumin concentration,g/dI 1.74 0.11 1.96 0.18
Renal plasma flow, mI/mm 4.9 0.4 4.1 0.3
GFR,mI/min 1.37 0.06 1.55 0.10
Filtration fraction 0.31 0.02 0.38 o.ola
SNGFRIGFR,nI/ml 35.1 1.4 34.2 1.4
Urine flow rate. pJ/min 25.5 5.9 46.0 6.9
P < 0.05.
flow and slightly lower GFR in the AICN rats, how- tubule, however, was depressed in the AICN rats
ever, resulted in a significant difference in the filtra- (35 2 vs. 41 2%; P < 0.02) as was absolute fluid
tion fraction between experimental and control reabsorption (15.9 5.5 vs. 21.3 5.4 nI/mm; p <
groups. 0.005).
Micropuncture measurements (Table 3, Fig. 1). In both early and late distal tubules, (TF!P)1,
Nephron filtration rate was not significantly dif- (TF/P)Na, and (TF/P)Na/(TF/P)In were not different.
ferent in AICN (47 2 nllmin) and control rats (53 The fraction of filtered sodium remaining in the
4 nl/min). Fractional reabsorption in the proximal early distal tubule was 11.3 1 in AICN and 10.2
Table 3. Micropuncture and urine data
(TFIP)NIIO
(TF/P)1 (TF/P)Na X 100SNGFR - FEN Sodiumexcretion
Rat no. ni/mm E L (U/P)1 E L E L % p.Eq/min
Control rats
43 1.79 3.40 5.28 50.8 0.43 0.25 12.8 4.8 3.4 6.3
2 53 1.79 4.45 6.98 88.6 0.40 0.26 9.0 3.8 1.8 4.6
3 52 1.63 3.87 4.96 27.9 0.37 0.28 9.5 5.6 6.6 12.9
4 59 2.04 4.94 6.91 27.6 0.48 0.36 9.7 5.2 5.5 12.8
5 42 1.76 3.66 5.52 23.5 0.36 0.20 9.7 3.6 5.0 10.2
6 77 1.41 2.80 6.38 31.4 0.28 0.17 10.0 2.7 3.1 10.1
7 48 1.63 3.45 5.18 65.1 0.38 0.21 11.0 4.1 2.4 5.6
8 50 1.67 3.01 4.24 32.2 0.29 0.21 10.0 5.0 4.2 11.1
No. of samples 20 20 20 22
Mean 53 1.72 3.70 5.68 43.4 0.37 0.24 10.2 4.4 4.0 9.2
SEM 4 0.06 0.25 0.35 8.1 0.02 0.02 0.4 0.3 0.6 1.2
AICN rats
1 53 1.51 3.11 5.04 102.7 0.54 0.47 17.4 9.3 2.0 3.3
2 61 1.85 3.40 5.17 38.1 0.42 0.30 12.4 5.7 5.1 13.8
3 51 1.45 3.33 4.54 35.2 0.40 0.26 12.0 5.7 3.6 9.4
4 54 1.54 4.84 6.93 206.1 0.44 0.10 9.1 1.4 0.6 1.3
5 48 1.37 3.45 9.15 207.1 0.69 0.34 19.9 3.8 0.8 1.8
6 49 1.53 3.87 4.86 24.1 0.45 0.41 11.6 8.3 3.9 8.4
7 47 1.42 4.03 5.13 180.7 0.32 0.23 8.1 4.6 0.6 1.2
8 45 1.49 4.00 6.57 159.5 0.31 0.22 7.7 3.4 0.9 2.2
9 38 1.37 3.33 10.60 178.1 0.24 0.14 7.2 1.3 0.4 0.7
10 46 1.35 4.34 8.21 138.4 0.65 0.48 15.0 5.9 1.1 2.4
11 42 1.48 3.81 8.06 195.9 0.38 0.35 9.9 4.3 0.4 0.7
12 42 1.94 4.32 8.93 24.8 0.39 0.21 9.2 2.4 5.7 12.3
13 49 1.60 2.94 8.60 254.2 0.38 0.26 12.9 3.0 0.8 2.0
14 36 1.83 5.82 8.03 39.8 0.35 0.29 6.0 3.6 2.8 5.3
15 47 1.55 3.12 4.17 35.3 0.35 0.23 11.2 5.5 4.0 6.3
No. of samples 34 34 32 31
Mean 47 1.55 3.85 6.93 1213b 0.42 0.29 11.3 4.5 22k 47b
SEM 2 0.05 0.20 0.52 21.1 0.03 0.04 1.0 0.6 0.5 1.1
Abbreviations used are: P, late proximal tubule; E, early distal tubule; L, late distal tubule; (TF/P)1, ratio of tubular fluid to plasma
inulin concentration; (TF/P)Na, ratio of tubular fluid to plasma sodium concentration; (U/P)1, ratio of urine to plasma inulin concentra-
tion; FEN, fraction of filtered sodium excreted.
Statistically significant differences from control are shown by P < 0.05.
0.4% in control animals, and in late distal tubule it
was 4.5 0.6 in AICN and 4.4 0.3% in controls.
Absolute sodium delivery and reabsorption. Ab-
solute sodium delivery and reabsorption of sodium
to all nephron segments are depicted in Fig. 1. Al-
though the filtered load of sodium was slightly, but
not significantly lower in AICN (7.23 0.23 nEqI
mm vs. 8.12 0.65 nEq/min; P> 0.1), absolute
reabsorption in the proximal tubule was signifi-
cantly reduced (2.5 0.2 nEq/min vs. 3.3
0.2 nEq/min; P < 0.02). Hence, delivery beyond the
superficial late proximal tubule was not different in
both groups (4.69 0.17 vs. 4.83 0.57 nEqlmin).
Absolute reabsorption along the loop of Henle (3.87
0.14 vs. 4.00 0.51), delivery to the distal tubule
(0.82 0.08 vs. 0.82 0.06), and absolute reab-
sorption in the distal convoluted tubule were not
different. Sodium delivery beyond the superficial
late distal tubule (SLDT), therefore, was virtually
identical (0.33 0.04 vs. 0.34 0.03 nEqlmin).
About 47% of the sodium passing beyond the SLDT
or 0.17 0.04 nEq/min was reabsorbed in the
AICN rats, although only 8% or 0.03 0.04 nEqI
mm was reabsorbed in control rats (P < 0.05). The
final urine sodium excretion was 4.7 1.1 pEq/min
or 2.2 0.5% of filtered load in AICN and 9.2
1.2 tEq/min or 4.0 0.6% of the filtered load in
control animals (P < 0.02).
Discussion
Allison, Wilson, and Gottschalk 6, 271 are the
only investigators to have studied AICN previously







poalbuminemia, however, was not noted in their
rats despite heavy proteinuria, GFR was reduced
by 30% or more, and SNGFR was very variable.
These rats were studied 5 to 20 months after injec-
tion of antigen. Our observations 2 to 4 months after
induction show that AICN rats do develop the full
picture of nephrotic syndrome and can have normal
filtration rates. Hence, early AICN is a suitable
model for study of nephrotic syndrome uncompli-
cated by renal failure. There is, however, one major
limitation of the model, the need for volume expan-
sion to maintain normal GFR. For this reason, all
our data bear only on the natriuretic response to
volume expansion and should not be interpreted as
direct evidence on the tubular locus of sodium re-
tention in the nephrotic syndrome in the basal state.
(Although we have no systematic observations on
sodium excretion without saline-loading, several
rats had visible ascites, indicating that sodium re-
tention had occurred in the basal state.)
Our initial experiments were done in hydropenic
rats with NS. We were immediately impressed,
however, by the marked hemodynamic instability
of this model. Blood pressure fluctuated, and the
kidneys appeared to show patchy areas of hypoper-
fusion, which came and went over time in a random
way. We suspected that this indicated variation in
renal plasma flow which was perhaps related to the
combined effects of presumed hypovolemia and the
anesthetic. GFR was extremely unstable during the
control collection periods; it often was normal at
first but tended to fall significantly during the first
hour. GFR in the experimental rats was 0.85 0.20






























Proximal Loop of Distal Beyond
—
tubule Henle tubule SLOT
Fig. I. Absolute sodium delivery to, reabsorption at, and delivery beyond each site in the
nephron. (SLDT is superficial late distal tubule.) Columns representing control animals are
labelled Cs experimental animals with AICN, E. Right hand scale applies only to last pair of
bars. Asterisk (5) denotes P < 0.05 AICN compared to control.
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mi/mm, with a range of 0.23 to 1.60 mllmin. SNGFR
showed the same marked heterogeneity and varia-
tion reported by Allison et al [6], being 32 7 nh
mm with a range of 8 to 80 nl/min. After volume
expansion, blood pressure, renal plasma flow,
GFR, and SNGFR became quite stable and mean
values fell within the normal range (Tables 2 and 3).
Variability of SNGFR within a kidney and for the
group as a whole was also comparable to controls.
SNGFR ranged from 36 to 61 in AICN rats and from
43 to 77 nI/mm in controls. In 12 of the 15 AICN rats
and in 6 of the 8 control rats, SNGFR was between
40 and 55 nI/mm. We concluded that the impaired
renal function, instability of renal hemodynamics,
and heterogeneity of nephron function probably re-
flected a circulatory disturbance in the anesthetized
nephrotic rat, at least at the time after induction of
AICN that we studied, rather than the fixed struc-
tural damage suggested by Allison et al at a later
time.
Proximal sodium reabsorption was decreased in
the AICN rats. Control rats reabsorbed 41% of fil-
tered sodium, while the nephrotic rats absorbed on-
ly 35%. Extensive studies [28—331 have indicated
that peritubular capillary oncotic pressure is an im-
portant determinant of proximal reabsorption. Oth-
er factors aside, hypoalbuminemia should reduce
proximal sodium reabsorption. In patients with NS,
studies using the distal tubular blockade method
concluded that proximal reabsorption is indeed de-
creased 11]. A free-water clearance study by Gur et
al of children with NS due to lipoid nephrosis, how-
ever, drew the opposite conclusion [34]. In animal
models, absolute proximal reabsorption has been
decreased [2, 4, 8, 131. Since SNGFR, however,
was significantly reduced in each of these studies,
interpretation of this finding has been difficult. Our
data show that decreased proximal reabsorption in
the nephrotic syndrome is not solely the con-
sequence of decreased SNGFR. We would tenta-
tively suggest that it may be due to hypoalbumi-
nemia.2 No firm conclusion, however, is possible,
since we did not measure other transtubular forces
such as hydrostatic pressure and cannot wholly
2 Although the serum albumin concentration was significantly
reduced in the AICN rats before expansion, the difference in ef-
ferent arteriolar albumin concentration (calculated from whole
kidney filtration fraction and the serum albumin concentration
after saline ITable 21) between the two groups just missed statis-
tical significance after saline (2.53 0.20 gIdl in AICN; 3.18
0.31 gIdl in C). Since, the latter blood samples, however, were
taken at the very end of the experiment, peritubular albumin con-
centration was presumably lower in the AICN rats during the
period of proximal micropuncture.
eliminate functional tubular damage by the disease
process itself, despite the absence of immune de-
posits or other morphologic evidence thereof. In
any case, it is interesting that proximal reabsorption
is depressed in nephrotic rats whose overall renal
response is sodium retention.
Filtered sodium (plasma sodium concentration X
SNGFR) was slightly although not significantly
lower in the nephrotic rats (7.23 0.23 vs. 8.12
0.65 nEq/min). This offset the reduction in proximal
reabsorption in these animals so that delivery of so-
dium to the loop of Henle in AICN rats was not
significantly higher than it was in controls. The
tubular handling of sodium in the loop of Henle and
distal convoluted tubule was identical in the two
groups of animals. At the end of the distal tubule,
both the fractional and the absolute amount of so-
dium remaining were virtually identical (Table 3,
Fig. 1). Hence, delivery beyond the SLDT was
comparable, yet sodium excretion was markedly
different. Most previous studies of experimental
glomerulonephritis or nephrotic syndrome were not
designed to examine segmental sodium reabsorp-
tion. In the only study in which distal micro-
puncture was performed [4], GFR was severely re-
duced but fractional sodium reabsorption in all seg-
ments was normal. The authors concluded that
sodium retention was due to decreased filtered so-
dium. In a study of nephrotic rats with ascites [21 by
proximal micropuncture only, fractional sodium
reabsorption was normal, implying enhanced reab-
sorption in more distal segments. The same con-
clusion was reached by Maddox et al [9], but there
was no clear evidence of either sodium retention or
the NS in their model of nephritis. In acute (1 hr)
nephrotoxic nephritis in the dog [11], fractional so-
dium excretion was decreased but sodium reabsorp-
tion in the proximal tubule was normal. Enhanced
sodium reabsorption in more distal segments was
assumed. Tubular handling of sodium has been
studied in several other experimental states of so-
dium retention [35—39]. In the dog with constriction
of the thoracic vena cava (TVC) [35, 36] sodium re-
tention occurs beyond the proximal tubule, possibly
in the loop of Henle [36]. Similar conclusions were
reached in studies of rats with high-output cardiac
failure [37, 38]. In rats with sodium retention after
adrenal enucleation, Alexander, Bengele, and
McNamara [23] concluded that the collecting duct
was responsible. In a recent study of renal salt and
water retention in rats with chronic bile duct liga-
tion, both proximal and distal reabsorption were en-
hanced [40].
Our observations demonstrate that the locus of
484 Bernard et a!
sodium retention during volume expansion in the
nephrotic syndrome is not the proximal tubule, the
loop of Henle, or the distal convoluted tubule of su-
perficial nephrons. They do not distinguish between
the collecting duct and any segment of deep neph-
rons as possible sites of altered handling of sodium.
Several investigators [4 1—45] have suggested that
the collecting duct is the site at which final adjust-
ments of sodium excretion are made in normal rats.
Our data are compatible with the view that abnor-
mal function of this segment may be responsible for
sodium retention in AICN. Alternatively, a change
in deep nephron function may account for sodium
retention in the nephrotic rats. Stein, Osgood, and
Kunau [46] have concluded that altered function in
these nephrons is the main determinant of the nat-
riuretic response to volume expansion in normal
rats. According to this view, failure of deep neph-
rons in nephrotic rats to respond normally to vol-
ume expansion might account for sodium retention.
Morphologically, there was no evidence of selective
damage to deep nephrons; the glomerular lesion of
AICN was equally severe and frequent throughout
the cortex. Enhanced reabsorption by deep neph-
rons, however, could be due to an altered response
of these nephrons to volume expansion in hypoal-
buminemic animals rather than to an intrinsic ab-
normality. Hence, direct studies of deep nephron
and collecting duct function will be required to de-
termine which of these is the site of sodium reten-
tion in the nephrotic syndrome.
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